Introduction: Recent investigations over the past decade have linked the development of hypertension to sleep loss, although the mechanisms underlying this association are still under scrutiny. To determine the relationship between sleep deprivation and cardiovascular dysfunction, we examined the effects of paradoxical sleep deprivation on heart rate, blood pressure, sympathetic nerve activity (SNA) and their consequences in the blood renin-angiotensin system. Materials and methods: Wistar-Hannover male rats were randomly assigned to three experimental groups: 1) control, 2) paradoxical sleep deprivation for 24 h and 3) paradoxical sleep deprivation for 96 h. Blood pressure and heart rate were recorded in awake, freely moving rats. Results: Heart rate was higher in the 96 h paradoxical sleep deprivation group compared with the control group. Renal SNA was increased in all deprived groups. However, no significant statistical differences were observed in blood pressure or splanchnic SNA among groups. Paradoxical sleep deprivation (24 and 96 h) reduced plasma angiotensin II (Ang II) concentrations.
Introduction
The mechanisms of the initiation and maintenance of sleep and wakefulness are highly complex neurophysiological processes. During non-rapid eye movement (NREM) sleep, arterial pressure and heart rate decrease, whereas periods of relative tachycardia characterise rapid eye movement (REM) periods. 1 With regard to cardiovascular autonomic modulation, NREM sleep is characterised by vagal predominance, whereas during REM sleep increased sympathetic activity occurs. 2, 3 Recent studies of subjects submitted to repeated shorter sleep times and sleep fragmentation have demonstrated that modifications of sleep architecture are associated with deleterious hormonal and metabolic alterations. [4] [5] [6] Additionally, a community-based prospective study has shown that habitual sleep duration averaging <5 h per night is associated with increased prevalence of arterial hypertension. [7] [8] [9] Studies have proposed that activation of the sympathetic nervous system by sleep deprivation may be a factor contributing to triggering of cardiovascular events in the morning hours. [10] [11] [12] Therefore, extended hours of wakefulness may be directly detrimental to the cardiovascular system and may contribute to increased cardiovascular risk. 12 In rodents, sleep deprivation increased plasma concentrations of epinephrine and norepinephrine 13 , modified lipid biosynthesis 14, 15 and increased heart rate (by 26%) and systolic blood pressure (by 14%). 16 A number of hormones have been reported to fluctuate in temporal association with electroencephalogram (EEG) activity during sleep. [17] [18] [19] [20] [21] Several studies concluded that the renin-angiotensin system (RAS) has a circadian rhythmicity. [17] [18] [19] [20] [21] Brandenberger and colleagues 21 demonstrated that the RAS is strongly linked to sleep stage alternation, increasing during slow-wave sleep (SWS) and reaching a nadir during REM sleep. This latter study indicated an autonomic and hormonal duality of sleep stage 2 that was characterised by a 'quiet' period prefatory to SWS and an 'active' period preceding REM sleep. 21 Advances in cell and molecular biology have introduced a greater understanding of the role of RAS in normal and disease states. 22 In clinical studies, it is difficult to determine the consequences of sleep deprivation in the absence of co-morbidities, namely obesity, metabolic syndrome and diabetes mellitus. The investigation of sleep deprivation without other comorbidities may be useful in improved control of confounders and understanding the influence of sleep loss on the cardiovascular system. In humans, most sleep deprivation occurs in the latter half of the night, when there is a predominance of the REM phase. Indeed, some investigators have developed and employed different approaches to reduce or abolish REM/paradoxical sleep. Thus, the current study was designed to determine the effects of paradoxical sleep deprivation on heart rate, blood pressure and sympathetic nervous system activity, and the consequences of these effects on the plasma RAS in rats. A major goal of the study was to determine the relative contributions of the sympathetic nerve system and RAS to changes in cardiovascular parameters in response to sleep deprivation.
Materials and methods

Animals
Experiments were performed on 58 male adult Wistar-Hannover rats (300-350 g) provided by the Centro de Desenvolvimento de Modelos Experimentais para Medicina e Biologia (CEDEME) -Universidade Federal de São Paulo. The animals were housed in groups of five in standard polypropylene cages in a room maintained at 22 o C with a 12:12 h light:dark cycle (lights on at 07:00), and were allowed free access to food and water. The rats used in this study were maintained and treated in accordance with the guidelines established by the Ethical and Practical Principles for the Use of Laboratory Animals. All animal procedures were approved by the University Ethics Committee (CEP no. 0490/04).
Paradoxical sleep deprivation
Animals were subjected to continuous paradoxical sleep deprivation over a period of 24 and 96 h using the platformover-water technique. Rats were individually placed on a circular platform (6.5 cm in diameter) in a cage (23 cm × 23 cm × 29 cm) filled with water up to 1 cm below the platform level. During paradoxical sleep, rats tend to fall off the platform due to muscular atonia and awaken on contact with the water. Moreover, prior to commencement of the paradoxical sleep deprivation protocol, all sleepdeprived animals received a habituation period on the platform (1 h per day for 3 days). It has been shown previously that use of the platform procedure results in complete loss of paradoxical sleep for a period of 96 h, and significantly reduces SWS. 23 Food and water were provided ad libitum and the water in the tank was changed daily, and food intake was not modifying during sleep deprivation. 24 Previous studies have shown that, during sleep deprivation, hyperphagia does not always occur with shorter periods of paradoxical sleep deprivation. 24 These authors showed that failure to take food spillage into account results in an overestimation of food intake when rats do not have access to food crumbs, as typically happens during sleep deprivation by the platform technique. 24 The control groups were housed in similar individual cages containing bedding, and were kept in the same room as the experimental rats during the study.
Experimental design
Rats were randomly assigned to one of three experimental groups: (1) control (n = 23), (2) paradoxical sleep deprivation for 24 h (n = 18) and (3) paradoxical sleep deprivation for 96 h (n = 17). After 24 or 96 h, one subgroup of rats (n = 7-9) was submitted to surgical procedures and another (n = 10-14) was decapitated for blood collection.
Surgical procedures group
Rats were anaesthetised with halothane (2% in 100% oxygen-enriched air for 20 min), and instrumented with femoral venous and arterial catheters for drug injection and arterial pressure recording, respectively. The catheters were externalised through the neck. One hour later, blood pressure and heart rate were recorded in wakeful, freely moving rats. Circulatory instability is often observed upon emergence from general anaesthesia, and rats chronically instrumented with radio-telemetry transmitters under halothane anaesthesia showed increased blood pressure during the 2 days in the light phase of the cycle. 25 However, the present results showed that there was limited variability in mean arterial pressure (MAP) between groups (Figure 1(a) ). This anaesthesia procedure was selected in an attempt to promote animal well-being, considering that during the paradoxical sleep deprivation technique the animals were placed on a circular platform that limited their movements. Furthermore, an additional methodological limitation was Mean arterial pressure and heart rate signals from freely moving rats were derived from pulsatile arterial pressure. All signals were recorded on a computer-based data acquisition system (PowerLab system; AD Instruments, Castle Hill, NSW, Australia).
Sympathetic nerve activity. After blood pressure and heart rate recording in freely moving rats, the animals were anaesthetised with urethane (1.2-1.4 g/kg, iv). All animals were artificially ventilated with oxygen-enriched air using a respiratory pump, at a concentration that maintained endtidal CO 2 close to 4%. Rectal temperature was maintained at 37 ± 0.5°C by means of a servo-controlled electric blanket. The left renal (rSNA) and splanchnic (sSNA) sympathetic nerves were exposed through a left retroperitoneal flank incision, placed on bipolar recording silver electrodes and covered with mineral oil. Signals from the nerves were displayed on an oscilloscope and monitored by means of an audio amplifier. Nerve activity was also amplified (Neurolog, 10-20 K, Digitimer Ltd., Welwyn Garden City, Hertfordshire, England) using a band-pass filter (50-1000 Hz), rectified and integrated. On completion of the experiments, the baseline noise level of sympathetic nerve activity was determined after administration of hexamethonium bromide (30 mg/kg, iv). Nerve discharge during the experiment was expressed as a percentage of the basal value after subtracting background noise.
Blood collection group
Angiotensin quantification by high-performance liquid chromatography. Angiotensin I, II and 1-7 were measured using reverse-phase high-performance liquid chromatography (HPLC) 26, 27 and expressed as nmol/ml.
Angiotensin-converting enzyme activity. Angiotensin-converting enzyme (ACE) activity was determined fluorimetrically using 1 mmol/l Z-Phe-His-Leu as substrate (Bachem Ltd, Bubendorf, Switzerland). The standard assay contained 100 mmol/l potassium buffer, pH 8.3, 100 mmol/l NaCl and 100 μmol/l ZnSO 4 and was performed at 37°C. 28, 29 
Statistical analysis
Values are expressed as mean ± standard error of mean (SEM). Homogeneity of variance was assessed by the Bartlett test and normal distribution of the data by the Kolmogorov-Smirnov test. When the Bartlett test showed an absence of homoscedasticity, the square root of the data was taken or data were converted to logarithms. One-way analysis of variance (ANOVA) followed by post hoc Tukey testing was used to analyse the data. p < 0.05 was considered statistically significant. in keeping the rats awake following recovery from anaesthesia; during this period sleep deprivation was carried out by gentle handling, which involved tapping the cages whenever the animals appeared drowsy. Figure 1(b) ). Paradoxical sleep-deprived (24 h and 96 h groups) rats showed a significant increase in rSNA ( Figure  1(c) ). However, no significant difference was observed in sSNA (Figure 1(d) ), demonstrating that sleep loss exerted a preferential action on renal sympathetic system activity.
Results
Effects of sleep loss on blood pressure, heart rate and sympathetic nerve activity
Effects of sleep loss on angiotensin concentrations
The RAS values are shown in Figure 2 . There were no significant differences among groups in plasma Ang I levels.
In the 24 h and 96 h paradoxical sleep-deprived animals, Ang II concentrations were significantly lower than those for control (p < 0.001), but values were significantly higher in the 96 h group (p < 0.05) when compared with the 24 h group (Figure 2(b) ). No alterations were observed in Ang 1-7 values. ACE activity was lower in the 96 h group (p < 0.03) than for the 24 h and control groups, as shown in Figure 2 (d).
Discussion
The data reported in this study show that paradoxical sleep deprivation in rats exerts marked effects on the cardiovascular system. The results show an increase in the heart rate after 96 h of paradoxical sleep deprivation. Moreover, paradoxical sleep deprivation (24 and 96 h) induced a selective increase in rSNA activity that was accompanied by a reduction in Ang II.
In rodents, wakefulness has been directly associated with increases in blood pressure and heart rate values; these parameters decrease in SWS. 30 However, during the transition to paradoxical sleep, there is an increase in systemic arterial pressure. 30 Paradoxical sleep induces a reduction in rSNA followed by a gradual increase in systemic arterial pressure. 31 These latter authors suggest that the observed reduction in rSNA was not directly related to the increase in systemic arterial pressure during the transition to REM sleep. Thus, the increase in rSNA without alterations in blood pressure that is observed during paradoxical sleep deprivation may be associated with a selective reduction in paradoxical sleep. Macro-structural analysis of sleep showed that spontaneously hypertensive Although some studies provide evidence that changes in sympathetic activity contribute to the development of hypertension, our results showed that sleep loss did not induce alterations in blood pressure. Only two previous studies reported that paradoxical sleep deprivation induced a significant elevation of blood pressure in rats. 16, 33 Inconsistencies in previous studies of sleep deprivation may be explained in part by differences in both the total time of paradoxical sleep deprivation and the rodent strains used. Neves and colleagues 33 showed sustained hypertension only in rats with a partial predisposition to development of hypertension (SHR rats), while DeMesquita and Hale 16 observed an increase in blood pressure after 114 h of paradoxical sleep deprivation.
Regarding RAS, our results show that paradoxical sleep deprivation did not modify plasma Ang I. However, 24 or 96 h of paradoxical sleep deprivation selectively induced a reduction in Ang II concentrations compared with control. Furthermore, the fact that blood pressure was not altered in animals exposed to paradoxical sleep deprivation correlates with the observed results. Although Ang II was not associated with increases in rSNA in sleep-deprived rats, other mechanisms, including increased endothelin-1 plasma concentrations 34 and elevated plasma adrenaline and noradrenaline, 13 may contribute to the observed alterations in rSNA. Ang II potently enhances catecholamine release from the peripheral sympathetic nervous system, an action that implies important pathophysiological consequences. Catecholamines released by this mechanism contribute to the vasoconstriction and sodium-retaining properties of Ang II. Dendorfer et al. 35 demonstrated direct excitation of postganglionic sympathetic nerves by Ang II, which induces an effective noradrenaline overflow independently of central nervous sympathetic activity and ganglionic transmission. The interpretation of the measured nerve signal as efferent activity of sympathetic fibers is supported by both the previously confirmed absence of afferent signals in Ang II-stimulated rSNA 36 and the Ang II-induced enhancement of catecholamine overflow described by Dendorfer et al. 35 . However, our group has shown that acute paradoxical sleep deprivation (24 h) did not modify plasma noradrenaline concentrations 13 . After 96 h of sleep deprivation the rats showed an increase in plasma catecholamine, which may be one of the predictors of increased sympathetic activity 13 .
The observed reduction in Ang II may be due to hormonal circadian rhythms. Plasma renin activity oscillations are correlated with sleep stages; low levels and small variations were observed on awakening. 20 Previous studies reporting averaged renin activity levels during the different sleep stages found that SWS sleep is characterised by high renin activity levels, in contrast to REM sleep, during which mean activity values reach a nadir. 20, 21 In patients with sleep disorders, sleep fragmentation often did not allow sufficient time for plasma renin activity to increase significantly. These results demonstrate that plasma renin activity variations reflect internal sleep structure disorganization. 37 The reduction in Ang II concentrations observed after 24 and 96 h of paradoxical sleep deprivation was most likely associated with the pressure of paradoxical sleep initiation. These findings have important implications for our understanding of the influence of paradoxical sleep on activation of the RAS.
Another possible explanation for these results could be related to circulating and cellular hierarchies controlling RAS. 38 Indeed, minor changes in Ang I and Ang II generation in response to sleep loss may increase the levels of circulating angiotensin. Considering that renin is synthesised and stored in substantial quantities in the granules of the juxtaglomerular cells, 39, 40 alterations in plasma renin concentrations can occur rapidly, leading to changes in Ang I generation. Thus, renin is primarily responsible for the dynamic regulation of plasma Ang I and Ang II. Ang I is easily converted to Ang II, not only by circulating ACE, but also by ACE that is present on the endothelial cells of many vascular beds, including the lung. [40] [41] [42] Although other pathways for Ang II formation have been identified in certain tissues, the circulating levels of Ang II primarily reflect primarily the consequences of the renin and ACE enzymatic cascade. 43, 44 Despite this, we observed that while Ang I remained unchanged after sleep deprivation, Ang II decreased. Moreover, values in the 96 h -sleep-deprived group were higher than in the 24 h group. In fact, ACE activity was reduced after 96 h of paradoxical sleep deprivation when compared with the 24 h group. The heterogeneity of these responses may be primarily attributable to the increased release of Ang II induced by sleep deprivation, suggesting that a possible local production of Ang II in specific tissues is important during sleep. One might, therefore, hypothesise that the observed differences in Ang II levels after sleep deprivation resulted, at least in part, from a compensatory mechanism that increases the metabolism of Ang II to the inactive metabolite or increases Ang 1-7 formation that could be metabolised. Although this interpretation should be considered, the interactions between sleep deprivation and RAS activity in different tissues may provide important information about the effects of sleep in RAS. Our future efforts will include experimental approaches such as a cross-sectional design to address the effects of sleep loss on the RAS response in the circulating and vascular beds.
Chronic sleep restriction (21 days) also induced an increase in rSNA activity, whereas it did not modify plasma Ang II concentrations and markedly reduced Ang 1-7, which could be interpreted as a reduction in protective effect, as this peptide is known to be an antagonist of Ang II. 45, 46 Moreover, this study demonstrates that plasma Ang II concentrations were restored in rats subjected to chronic sleep restriction for 21 days, suggesing that the RAS can be regulated by sleep. 45 After 24 and 96 h of paradoxical sleep deprivation, the single-platform procedure was effective in producing a total suppression of paradoxical sleep and a reduction in SWS (by 34-39%) in rats. 23 Rats submitted to a schedule of 18 h of sleep deprivation per day exhibited suppression of paradoxical sleep and loss of deep SWS (by 21%), losses that were partially compensated during the 6 h sleep period, reflected by an intense reduction in awakenings. 47 Although the protocol of sleep restriction induces less pronounced sleep deprivation than do acute methods, it induces chronic modifications in sleep architecture. Hence, unlike total sleep deprivation, the frequent arousals and restructuring of sleep caused by sleep restriction, rather than loss of sleep time per se, are thought to underlie the excessive daytime sleepiness and hormonal alterations in patients who experience sleep disturbances.
A potential limitation of this study is stress resulting from the sleep deprivation method; the co-occurrence of stress is an inherent factor in such studies 48 . During attempts to find an adequate control group that would mimic the stress induced by sleep deprivation, various authors found that different modalities of stress including restraint, electrical footshock, swimming and cold temperatures can alter sleep patterns 49, 50 . Such differences render it difficult to obtain a stress control group in which sleep is not affected. Indeed, our results cannot be attributed strictly to stress induced by sleep deprivation.
In summary, we demonstrated that the cardiovascular system, in particular, is markedly sensitive to sleep loss, as slightly shorter or longer periods of sleep deprivation altered cardiovascular parameters. One day of sleep loss was enough to cause a marked increase in rSNA, and 4 days of sleep loss induced an elevation in heart rate. The results suggest that alterations in the sympathetic and angiotensinergic systems in response to sleep loss may be evidence of their participation in mechanisms that can lead to increased cardiovascular risk.
